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ABSTRACT :  The  equilibrium  /Vaporization  reactions,  12  Ni^P(s)  *'2  Ni^P^s) 

+  Pj(g)  and  6.8  Ni^P^s)/*  32  Ni^'^P(s)  +  P^g),  have  been  studied  by  mass- 
loss  effusion  in  the  temperature  range  1237-1401  K.  The  results  were  combined 
with  published  calorimetric  data  for  nickel-rich  samples  and  static  phosphorus 
dissociation  pressure /data  for  phosphorus-rich  samples,  with  consideration  of 
the  requirements  of  the  published  phase  diagram,  to  obtain  enthalpies  of  for¬ 
mation  (from  red  P)r~AR°/R,  and  enthalpies ^}f L Atomization,  AH^/R,  respectively. 
In  kilokelvins  at  298.15  K:  1/4  Ni^Pts),  -5.94*0.5,  54.8;  1/3.55 Jlio  «P(s) , 
-6.65^0.5,  55.2;  1/17  Ji^P^s) ,  -6.73*0.5,  55.1;  1/3  Ni^P(s) ,  -6.°87io.5, 

54.8;  1/9  Ni^P^(s) ,  -6.39*075,  53.0;  1/2.22  Ni\”22P{s),  -6.92io75,  52.9;  1/2 

•V  or  —  or  —  .  +  — 

NiP(s),  -6.09^0.5,  52.1;  1/3  NiP2(s),  -5.38it).5,  49.4;  1/4  NiP3(s),  -4.52+0.5, 

47.6,- 
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INTRODUCTION 

The  nickel -phosphorus  phase  diagram  has  been  well-established  in  the 
definitive  work  of  Larsson,1  but  published  data  do  not  permit  a  complete 

p 

working  out  of  the  thermodynamics  of  the  system.  Weibke  and  Schrag  meas¬ 
ured  directly  the  heat  of  reaction  of  nickel  and  phosphorus  at  about  630°C 
but  their  studies  were  limited  to  metal-rich  compositions.  Blitz  and 
Heimbrecht  measured  dissociation  pressures  of  phosphorus  over  phosphorus- 

rich  samples,  but  the  static  method  they  employed  did  not  allow  an  overlap 

2 

In  composition  with  the  calorimetric  study.  Hence,  a  Knudsen  effusion 
study  of  phosphorus  dissociation  pressures  was  initiated  for  the  central 
portion  of  the  phase  diagram. 

The  compositions  of  the  Intermediate  phases  and  their  temperature 
ranges  of  stability  were  taken  from  Larsson 's  study;1  the  phase  diagram 
is  given  in  Figure  1.  In  terms  of  this  diagram,  the  reactions  studied  by 


2 

Weibke  and  Schrag  are: 

3N1(s)  +  P(s,red)  »  N13P(s)  (1) 

2. 55N1 (s )  +  P(s,red)  »  Ni^Pfs)  (2). 

3 

Similarly,  the  reactions  studied  by  Blitz  and  Heimbrecht  are: 

4N1P3(s)  =  4NiP2(s)  +  P4(g)  (3) 

^N1P2(s)  =  §Ni5P4's)  +  P4(g)  (4) 

§N15p4(s)  -  ^Ni2P(s)  +  P4(g)  (5). 

The  effusion  study  reported  here  considered  the  reactions: 

12N12P(s)  -  2N112P5(s)  +  P2(g)  (6) 

6.8N112P5(s)  -  32N1255P(s)  +  P2(g)  (7) 

which  provide  a  link  between  the  two  previous  studies. 
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EXPERI MENTAL 

The  effusion  apparatus  used  In  this  study,  together  with  calibration 
and  operation  procedures,  has  been  described  previously.4  It  consists  of 
a  vacuum  system.  Induction  heater,  temperature  controller,  and  recording 
vacuum  balance.  The  channel-orifice  effusion  cells  were  fabricated  from 
0.95  cm  high  density  graphite  rod.  The  effective  orifice  areas  were  deter¬ 
mined  by  direct  measurement  as  previously  described.4  The  phosphide  samples 
were  prepared  by  direct  combination  of  the  elements  In  evacuated  and  sealed 

“Vycor"  glass  ampoules  using  the  procedures  and  precautions  described 
4. 

earlier.  The  products  of  the  preparations,  as  well  as  residues  from  the 
effusion  runs,  were  characterized  by  X-ray  powder  diffraction.5”7  Observed 
Intensity  and  d-spaclng  data  were  compared  with  published  data  for  N12P,5 
m12P5.7  and  N12  55P.6 

RESULTS 

The  primary  data  were  the  temperature,  corrected  for  thermocouple 
calibration,  and  the  rate  of  mass  loss,  corrected  for  non-orifice  effusion4 
(less  than  20X),  obtained  from  the  recording  vacuum  balance.  Tables  1  and 
2  list  the  results  for  the  N12P-N1j2Pg  and  Mi2P5”N12  55P  two-phase  regions, 
respectively.  The  vaporization  was  found  to  be  severely  retarded,  and  long 
channels  were  required  to  reduce  the  effective  orifice  areas  sufficiently  to 
achieve  equilibrium.  Additionally,  the  measurements  were  greatly  complicated 
by  sintering  of  the  samples  which  resulted  In  a  decrease  In  the  rate  of  effu¬ 
sion  as  the  run  progressed,  even  though  two  solid  phases  were  still  present. 
In  order  to  cope  with  this  difficulty;  the  sample  was  removed  after  every 
second  or  third  point  for  regrinding.  While  this  procedure  appeared  to  over¬ 
come  the  difficulty,  the  very  low  rates  of  mass  loss,  particularly  at  lower 


temperatures,  made  detection  of  a  decrease  in  the  rate  very  difficult.  The 
slopes  of  the  mass-time  records  could  be  measured  with  a  reproducibility  of 
about  ±10%.  The  total  mass  losses  in  runs  A,  3,  and  C  were  3.3,  7.6,  and  2.1 
mg,  respectively,  which  may  be  compared  with  about  16  mg  loss  needed  to  cross 
the  N12P-N112Pg  two-phase  region.  For  run  D,  the  total  loss  was  2.3  mg, 
with  about  3  mg  loss  needed  to  cross  the  N112P5-Ni2  5gP  two-phase  region. 
Pressures  of  P2  were  calculated,  assuming  P2  and  P^  to  be  in  equilibrium 
in  the  vapor,  with  the  modification  of  the  effusion  equation  derived 

A 

earl ler: 

>«-•£{[ fSterr-*}  (a> 

where  K  Is  the  equilibrium  constant8  for  P4(g)  »  2P2(g)  and  M  Is  the 
molecular  weight  of  P2.  When  P(P2)  Is  given  In  atmospheres,  m  (the  rate 
of  mass  loss)  In  mg/mln,  T  as  Kelvin  temperature,  and  a  (the  effective 
orifice  area)  In  cm2,  the  constant  Is  C  •  2.127xl0"6.  Since  the  calculated 
pressures  do  not  show  any  apparent  variation  with  effective  orifice  area, 
all  the  data  were  taken  to  represent  equilibrium  conditions.  There  are  no 
entropy  nor  high  temperature  heat  capacity  data  for  the  nickel  phosphides 

in  the  literature,  and  It  was  necessary  to  estimate  these.  The  procedure 

4  9-13 

used  earlier,  based  on  published  data  on  transition  metal  sillcldes, 

was  used  to  generate  the  estimates  given  In  Table  3.  The  value  for  the 
entropy  of  NIP  was  adjusted  upward  by  5%  In  order  to  obtain  results  consis¬ 
tent  with  the  observed  phase  diagram.^ 
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Thlrd-law  enthalpy  changes  for  reactions  (6)  and  (7)  were  calculated 

G?  -  H°  1S 

using  free  energy  functions,  *'s  — ■ — T  --  ,  based  on  the  entropy  and 

heat  capacity  estimates.  The  second-law  enthalpy  change  for  reaction  (6) 
was  calculated  to  be  58.8  kK  at  298. 15K,  which  is  in  poor  agreement  with 
the  mean  third-law  value.  The  second-law  value  was  rejected  in  favor  of  the 
third-law  result.  This  choice  was  based  on  two  considerations.  First,  the 
very  low  rates  of  mass  loss  at  lower  temperatures  made  detection  of  curva¬ 
ture  in  the  mass  vs^  time  record  extremely  difficult,  and  thus,  the  observed 
slopes  in  this  range  may  be  too  small  due  to  kinetic  effects  brought  on  by 
sintering  of  the  sample.  Second,  attempts  to  force  agreement  of  the  second- 
law  and  third-law  results  would  require  increasing  A*'/R  for  reaction  (6)  by 
13.9.  It  is  unlikely  that  the  entropy  estimates  for  Ni12P5  and  Ni2P  are 

error  by  a  sufficient  amount  to  produce  this  difference  since  similar  esti- 

4  14 

mates  for  other  systems  ’  have  produced  acceptable  agreement.  Hence,  the 
mean  third-law  value  was  used  in  subsequent  calculations.  The  available  tem¬ 
perature  range  for  the  study  of  reaction  (7)  was  too  small  to  permit  determin¬ 
ation  of  a  meaningful  second-law  enthalpy  change;  hence,  the  mean  third-law  re 
suit  was  carried  forward  into  subsequent  calculations.  Free  energy  func¬ 
tions  based  on  the  estimates  in  Table  3  were  used  to  obtain  third-law 
enthalpy  changes  for  reactions  (3),  (4),  and  (5)  from  the  data  of  Blitz 
and  Helmbrecht.3  The  enthalpies  reported  by  Weibke  and  Schrag2  were  cor¬ 
rected  to  298. 15K  by  means  of  the  heat  capacity  estimates  in  Table  3. 
Enthalpies  of  reaction  at  298.1 5K  are  summarized  in  Table  4.  The  appro- 

Q 

priate  combination  of  these  with  the  enthalpies  of  formation  of  P2(g)  and 
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00) 


4P(s,red)  «  P4(g) 
yields  enthalpies  of  formation: 


AH,  « 

AHf(N13P) 

AHj  > 

AHf(H1255P) 

Mn' 

AHf(N112P5) 

S0(AH9 

+  32AH, 

t 

,  -  AH. 

AH,«- 

AHf(Ni2P)  * 

1 

T2 

(AHg  +  2AH13  - 

ah6) 

AH,^ 

AHf(Ni5P4)  = 

■1 

(i«10  ♦ 

T*H14  '  LH\ 

*"16” 

AHf(N1P2)  - 

To 

(AH,0* 

IAH1S 

-  ah4 

AH17- 

AHf(N1P3)  * 

T  (AHio  +  ^16  “ 

AHj) 

which  are  tabulated,  together  with  enthalpies  of  atomization.  In  Table  5. 

In  this  series  of  calculations  It  Is  assumed  that  AH0,  AS0,  AG°  of  phase 
formation  are  essentially  constant  across  the  NigP  single-phase  region. 

The  enthalpies  of  formation  of  NIP  and  Ni -j  22P  may  be  deduced  from  data 
In  Table  5  and  consideration  of  the  phase  diagram.1  Since  N1P(s)  is  formed 
spontaneously  from  NI gP^  and  N1P2  above  (but  not  below)  about  850°C  (1123K), 
Its  formation  from  these  compounds  must  proceed  with  positive  changes  In 
both  enthalpy  and  entropy  at  that  temperature,  and  AH°.j  *  TAS0^  at  1123K. 

Use  of  the  estimated  entropy  and  heat  capacity  data  In  Table  3  leads  to  the 
enthalpy  of  reaction  recorded  in  Table  4  and  the  enthalpies  of  formation  and 
atomization  of  NiP(s)  given  In  Table  5.  According  to  the  phase  diagram,1 
Nli  22P  1s  stab1e  respect  to  NigP^  and  N1P2  only  between  about  770°C 
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(1043K)  and  825°C  (1098K).  This  requires  not  only  that  AH°2  *  TAS°2  at 
both  these  temperatures,  but  also  that  both  AH°2  and  AS°2  he  positive  at 
the  lower  temperature  and  negative  at  the  higher  temperature.  These  con¬ 
siderations,  together  with  the  estimated  entropy  and  heat  capacity  data  In 
Table  3,  were  used  to  deduce  the  value  for  AH^  in  Table  4  and  the  enthalpies 

of  formation  and  atomization  of  N1^  22P(s)  91ven  in  Table  5.  Uncertainty 

14 

limits  were  assigned  In  the  manner  described  earlier. 

14 

It  has  been  pointed  out  that  the  atomization  enthalpies  per  gram  atom 

of  the  nickel  phosphides  are,  at  corresponding  compositions,  very  nearly  the 

IS  4 

same  as  those  for  the  phosphides  of  iron,  and  cobalt,  but,  when  valence 
state  energies16  of  the  metal  atom  are  taken  into  account,14  the  atomization 
enthalpies  to  valence-state  atoms  per  mole  of  monophosphides  show  a  regular 
decrease  in  the  series  CrP(145.3kK) ,17  MnP(141.3kK),14  FeP(130.0kK) ,15  CoP 
(119.1kK),4  and  N1P(104.2kK) .  This  decrease  parallels  the  decrease  in  the 
number  of  bonding  electrons  per  metal  atom  from  six  in  CrP  to  two  in  MiP  and 
suggests  that  chemical  bonding  is  similar  In  this  series  of  compounds. 


ACKNOWLEDGMENTS 

The  authors  are  pleased  to  acknowledge  the  support  of  the  U.S.  Office 
of  Naval  Research  during  the  preparation  of  this  study  for  publication. 
Thanks  are  also  due  Professor  Leo  Brewer  and  his  research  group  for  helpful 
discussions. 


REFERENCES 


1.  E.  Larsson,  Arklv  Kami,  23,  335  (1965). 

2.  F.  Wlebke  and  G.  Schrag,  Z.  Elektrochem. ,  47  222  (1941). 

3.  W.  Blitz  and  M.  Helmbrecht,  Z.  Anorg.  Allgem.  Chem. ,  237,  132  (1938). 

4.  C.E.  flyers.  High  Temp.  Science,  6,  309  (1974). 

5.  H.  Nowotny  and  E.  Hengleln,  Z.  Phys.  Chem.  (Leipzig),  B40,  281  (1938). 

6.  G.  Saini,  L.  Calvert,  and  J.  Taylor,  Can.  J.  Chem.,  42,  1511  (1964). 

7.  S.  Rundqvlst  and  E.  Larsson,  Acta  Chem.  Scand.,  13.,  551  (1959). 

8.  D.R.  Stull  and  H.  Prophet,  Natl.  Stand.  Ref.  Data  Ser.,  Natl.  Bur. 
Stand.,  No.  37  (1971). 

* 

9.  A.  Frolov,  Yu.  Putlntsev,  F.  Sidorenko,  P.  Gel'd,  and  R.  Krentsls, 

Izv.  Akad.  Nauk  SSSR,  Neorg.  Mater.,  8,468  (1972). 

10.  G.  Kalishevlch,  P.  Gel'd,  and  R.  Krentsis,  Teploflz.  Vys.  Temp.,  Akad. 
Nauk  SSSR,  2,  16  (1964). 

11.  S.  Letun,  P.  Gel'd,  and  N.  Serebrennlkov,  Zh.  Neorg.  Khlm.,  10,  1263 
(1965). 

12.  R.  Krentsls  and  P.  Gel'd,  Flz.  Metal.  1  Metalloved.,  13,  319  (1962). 

13.  G.  Kalishevlch,  P.  Gel'd,  and  R.  Krentsls,  Zh.  Flz.  Khlm.,  39,  2999 
(1965)  and  Teploflz.  Vys.  Temp.,  4  653  (1966). 

14.  C.E.  flyers,  E.D.  Jung,  and  E.L.  Patterson,  Inorg.  Chem.,  19,  532  (1980). 

15.  G.  Lewis  and  C.E.  flyers,  J.  Phys.  Chem.,  67,  1289  (1963). 

16.  J.S.  Griffith,  0.  Inorg.  Nucl.  Chem.,  3,  15  (1956). 

17.  C.E.  flyers,  G.A.  Klsacky,  and  J.K.  Kllngert,  to  be  published,  This 
Journal . 


Table  1 


Data 

for  the  Reaction: 

:  12Ni2P(s)  =  2Ni 

12P5^S^  + 

P2(g) 

AH 

1 

loIH  /R 
298. 15' K 

T 

Cell 

10^m(mq/min) 

P(P?)xl06(atm) 

-log  P 

A4/R 

(kK> 

Run  A 

(-560  mg  sample) 

1260 

C-3 

1.5 

9.25 

5.03 

20.38 

40.27 

1360 

C-3 

21.0 

134. 

3.87 

20.47 

39.96 

1285 

C-3 

3.8 

23.7 

4.63 

20.40 

39.91 

1323 

C-3 

8.3 

52.4 

4.28 

20.34 

39.95 

1331 

C-192 

1.83 

121. 

3.92 

20.44 

39.22 

1304 

C-192 

0.61 

40.0 

4.40 

20.41 

39.83 

1274 

C-3 

1.2 

7.44 

5.13 

20.39 

41.03 

1286 

C-3 

1.44 

8.97 

5.05 

20.31 

41.07 

Run  B 

(-565  mg  sample) 

1338 

C-192 

2*.0 

133. 

3.88 

20.45 

39.32 

1322 

C-192 

1.1 

72.6 

4.14 

20.43 

39.61 

1354 

C-192 

3.84 

257. 

3.59 

20.46 

38.90 

1322 

C-3 

6.22 

39.3 

4.41 

20.43 

40.43 

1360 

C-3 

20.0 

128. 

3.89 

20.47 

40.02 

1347 

C-4 

7.39 

158. 

3.80 

20.46 

39.35 

1324 

C-4 

2.73 

58.1 

4.24 

20.43 

39.98 

1359 

C-4 

10.2 

220. 

3.66 

20.47 

39.27 

1289 

C-4 

0.90 

18.9 

4.72 

20.40 

40.31 

1302 

C-4 

1.1 

23.2 

4.63 

20.41 

40.46 

1328 

C-4 

2.78 

59.2 

4.23 

20.44 

40.08 

1302 

C-4 

1.50 

31.6 

4.50 

20.41 

40.07 

1353 

C-4 

5.17 

111. 

3.95 

20.46 

39.99 

1331 

C-4 

3.5 

74.7 

4.13 

20.44 

39.87 

Run  ( 

:  (-510  mg  sample) 

1341 

C-192 

1.83 

122. 

3.91 

20.45 

39.50 

1362 

C-192 

3.69 

247. 

3.61 

20.47 

39.20 

1305 

C-192 

0.53 

34.8 

4.46 

20.42 

40.05 

1237 

C-4 

0.17 

3.50 

5.46 

20.36 

40.74 

1260 

C-4 

0.32 

6.64 

5.18 

20.38 

40.71 

Effective  orifice  areas:  C-3 

C-4 

C- 192 

2.75xl0"Jcm? 

8.17xl0~Jcn£ 

2.63xl0"W 

Moan  AHoII?R 

=  39.97 

I 


[I] 


V 


1401 

C-4 

Run 

1.4 

D  (-360  mg  sample) 

32.8 

4.48 

20.97 

43.83 

1400 

C-4 

1.3 

28.4 

4.55 

20.97 

44.03 

1399 

C-4 

1.5 

32.8 

4.48 

20.97 

43.77 

1399 

C-192 

0.48 

32.6  * 

4.49 

20.97 

43.80 

Effective  orifice  areas 

::  C-4  8.17x10“ccm? 

C-192  2. 63x1 O' W 

Mean 

AHoqo  ic/R 

=  43.86 
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Table  3 
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Table  4 


Enthalpies  of  Reaction  at  298. 15K  (kK) 


Reaction 

AH298.15/R 

Notes 

3Ni (s )  +  P(s,red)  =  Ni3P(s) 

(1) 

-23.8±2 

a 

2.55Ni(s)  +  P(s,red)  =  Nig  55P(S) 

(2) 

-23.6±2 

a 

4NiP3(s)  =  4NTP2(s)  +  P4{g) 

(3) 

23.2+3 

b 

^NiP2(s)  *  |Ni5P4(s)  +  P4(g) 

(4) 

31.0±3 

b 

§Ni5P4(s)  *  ^Ni2P(s)  +  P4(g) 

(5) 

31.6±3 

b 

12Ni2P(s)  =  2Ni12P5(s)  +  P2(g) 

(6) 

40.0+3 

c 

6.80N1 12P5(s)  =  32.0Ni2  55P(s)  +  Pg(g) 

(7) 

43.9±3 

c 

^i5P4(s)  +  ^liP2(s)  *  NiP(s) 

(ID 

0.1±0.1 

d 

0.24Ni5P4(s)  +  0.02NiP2(s)  =  Nij  22p(s) 

(12) 

0.1±0.1 

d 

o 

a)  Calculated  from  the  data  of  Weibke  and  Schrag. 

3 

b)  Cal culated  from  the  data  of  Biltz  and  Heimbrecht. 

c)  This  work. 

d)  Calculated  from  phase  diagramJ 
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Table  5 

Enthalpies  of  Formation  (from  red  P)  and  Atomization  (kK)  at  298. 15K 


-ahJ/r 

^at/R 

|n13P(s) 

5.94+0.5 

54.8 

T^5N12.55P(s) 

6.65±0.5 

55.2 

6.73±0.5 

55.1 

3Ni2P(s) 

6 . 87±0 . 5 

54.8 

Kp4(s> 

6.39±0.5 

53.0 

02H11.22P(s) 

6.32*0.5 

52.9 

^NiP(s) 

6.09±0.5 

52.1 

3N1P2(s) 

5.38*0.5 

49.4 

|NiP3(s) 

4.52*0.5 

47.6 

a 


Tamparatura  (°C) 


